Understanding the basis of protein thermostability raises a general question: which 2 residue with specific interaction degrees is more important to the protein 3 thermostability? A strictly selected dataset of 131 pairs of thermophilic (TPs) and 4 mesophilic proteins (MPs) was constructed. There were 6.4% and 8.4% of the total 5 residues in sequences did not interact with others in TPs and MPs. The amino acid 6 contents in sequences are closest to those with the interaction degrees of 3 according to 7 the Chi-squared distances. Only Glu, Gln and the amide residues showed significant 8 differences in sequences, which was the same as identified at low residue interaction 9 degrees. However, we observed significant Phe, Lys, Leu, Gln and the charged, 10 aliphatic, aromatic, positive charged and small residues at high interaction degree.
composition at a specific interaction degree, , is the average amino acid 1 composition in sequences. 2 The critical value for the chi-square in this case is 30.144 (with the degree of 3 freedom of 19). If the calculated Chi-square value is equal to or greater than this critical 4 value, we can conclude that the probability of the null hypothesis being correct is 0.05 5 or less, which is a very small probability indeed! Then we reject the null hypothesis. 6 For example, our calculated value of 79.511(the distances between sequence and the 7 interaction degree of 10 for TPs, as shown in figure 2.) is greater than the critical value 8 of 30.144. We therefore reject the null hypothesis, and conclude that there is a 9 significant difference in amino acid composition between the sequence and residues at 10 the interaction degree of 10 in TPs.
11
Similarly, for the Chi-squared distances between sequence and different secondary 12 structure, the distances were defined as: 13 = ( , − , ) ( , + , ) 14 Where is the 20 amino acids in proteins , is the average amino acid 15 composition at a specific secondary structure (α-helix, β-sheet and coil), , is the 16 average amino acid composition in sequences.
17
For the Chi-squared distances between the different relative solvent accessibility 18 and the sequences, the distances were defined as:
Where is the 20 amino acids in proteins, , is the average amino acid 1 composition at a specific relative solvent accessibility state. , is the average amino 2 acid composition in sequences. According to relative solvent accessibility, the states of 3 amino acids in proteins were classified as being in one of the four classes: completely 4 buried (0-4% exposed), partly buried (4-25% exposed), partly exposed (25-50% 5 exposed) and completely exposed (50+% exposed) [20] . The differences of amino acid (or amino acid groups) composition between TPs and 8 MPs were defined as:
Where, , and , are the amino acid (or amino acid groups) composition of TPs 11 and MPs, means the specific degree (or degree range) or structure (e.g. the secondary 12 structure such as helix, sheet or coil).
13
If > 0.2, is identified as significant amino acid (or amino acid group). We 1 sequences, we calculated the Chi-squared distances between sequence and various 2 secondary structure or relative solvent accessibility of TPs and MPs and showed the 3 results in figure 1 . We observed the Chi-squared distances of various secondary 4 structure and the partial exposed and buried were between 2.5 and 12, while the 5 distances of the exposed and buried were between 20 and 24. Among them, the exposed 6 state shows the most distinct differences between TPs and MPs. This means the amino 7 acid contents in the exposed part (protein surface) is the most biased when compared 8 with those in the sequences. The Chi-squared distances were 23.55 and 21.38 for TPs 9 and MPs. The absolute difference value was 2.17, which showed the most obvious 10 differences between TPs and MPs. Researchers have found the most of the amino acid 11 composition bias between TPs and MPs came from the protein surface (or the exposed 12 part) [4, 7, 23] . Our results confirm it by the precise data of Chi-squared distances. As 13 for the secondary structure, no significant differences observed between TPs and MPs 14 in terms of Chi-squared distances, which is also in accordance with previous result [8, and MPs, while 4.34 and 4.15 for α-helix, respectively. However, the distances 18 difference of the coil is more obvious between TPs and MPs. The distances are 6.33 19 and 5.36, with an absolute difference value of 0.98.
20
As the Chi-squared distances is the summation value of the distances for each of 21 the 20 amino acids, it can also identify the amino acid that contributed the greatest to 22 the distances. The residue contributed the greatest to the distances is the most biased 1 one when compared with its content in sequence. For instances, the primary contributor 2 to the distances between the protein surface and sequence is Leu in both TPs and MPs 3 (accounting 16.9% and 16.6%), as the content of Leu is much less in the exposed part 4 than in the sequences. The primary contributor for the distances between the buried part 5 and sequence is Lys in both TPs and MPs (accounting 19.2% and 20.1%); as the content 6 of Lys is much less in the buried part. As we all know, Leu is a hydrophobic residue, 7 which involves in the hydrophobic interactions in the buried part of a protein; 8 meanwhile, Lys is a polar charged residue, which should be abundant in the exposed 9 part of a protein [4] . Thus, they become the most biased residues in the exposed and 10 buried parts. For the secondary structure, Gly is the primary contributor to the distances 11 between the α-helix and sequence, and Val the primary contributor between the β-sheet 12 and sequence. According to Chou & Fasman's secondary structure parameters, Gly is 13 the strongest α-helix breaker, while Val the strongest β-sheet admirer [25] . Therefore, 14 much less Gly in α-helix and more Val in β-sheet was observed and they became the 15 primary contributor to the Chi-squared distances. Based on these results, we may 16 conclude the Chi-squared distance we proposed here is biologically meaningful and 17 convincing. Next, we will analyze the Chi-squared distances between the sequence and 18 various interaction degrees. 19 We computed the average amino acid composition of the sequence and various 20 interaction degrees and calculated the Chi-squared distances between them as showed 21 in figure 2. We can see both TPs and MPs have very similar trends. The distances 22 between TPs and MPs according to their interaction degrees. 1 We also listed the significant amino acids and amino acid groups at various 2 interaction degrees in table 1. As can be seen that we detected more significant amino 3 acid and amino acid groups when compared with the sequence. Among them, the 4 significant residues and amino acid groups at degree 3 and 4 are nearly the same as 5 sequence. As mentioned above, the Chi-squared distances between sequence and degree 6 3 and 4 are the minimum (Fig. 2 ). Taking these results together, we may conclude the 7 amino acids differences in sequence between TPs and MPs mostly represented those 8 who have three or four interactions with other residues.
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For the significant amino acids, six of the 20 residues were assigned as significant 10 (account 30% of the total) when the interaction degrees were eight and ten. Meanwhile, 11 six of the 13 amino acid groups (with a proportion of 46.2%) also showed significant 12 differences between TPs and MPs at the degree of 10 or above. As we strictly selected 13 the homologous TPs and MPs, and only observed notable more Glu and less Gln in the 14 sequences of TPs, these two residues also appeared in most of the interaction degrees 15 as shown in table 1. In contrast, those significant amino acids detected at some 16 interaction degrees could not find in the sequences. For example, less Ser and Thr in 17 TPs at the interaction degree of 1; less Thr while more Arg in TPs at 2; and more Lys,
18
Arg and less Asp in TPs at 9, respectively. Some previous works also identified these 19 residues by comparing the sequences of TPs and MPs [8, 15, 24, 28] . These results 20 indicated the method based on the interaction degree was more sensitive and could 21 provide precise fingerprints about the significant amino acids (or groups). What needs to point out is that some amino acids play opposite roles at different interaction degrees.
1 For instances, more Tyr in TPs at the interaction degree of 6 while less Tyr at 8; more 2 Ala in TPs at 10 while less at 8; and more Thr in TPs while less at 1 and 2. These 3 residues should be the potential mutation points when engineering the proteins for more 4 stable at high temperature.
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We also calculated the differences of amino acids between TPs and MPs according 6 to the various ranges of interaction degrees and showed them in figure 3. We identified 7 seven significant amino acids between TPs and MPs at various ranges of interaction 8 degrees. Among them, two residues came from the low interaction degree, one from the 9 medium degree and four from the high degree. At the low interaction degree, obvious 10 more Glu and less Gln existed in TPs, which is the same as detected in the sequences.
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At the medium interaction degree, Cys was significantly lower in TPs, which has also 12 reported before [15] . Interestingly, most of the significant amino acids were 13 concentrated at the high interaction degree. We detected significantly more Phe, Lys,
14
Leu and less Gln in TPs. More Lys, Leu and less Gln in TPs were commonly known [1, 15 8, 15] although most of them were not detected in the sequence. However, more Phe in 16 TPs at high interaction degree borne out here is different. Although aromatic residues 17 contribute positively to the conformational stability of TPs, only Tyr was frequently 18 reported to have higher content in TPs [8, 15, 23, 24, 29] . As a contrast, rare reports 19 about Phe contributing positively to the thermostability of proteins before. As we know,
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Phe is an aromatic residue, it can involve in the π-π stacking and π-cation in the aromatic Fig. 2 The Chi-squared distances between sequence and different residue interaction 5 degrees.
6 Fig. 3 The differences of amino acids between thermophilic and mesophilic at various 7 residue interaction degrees.
8
The upwards arrow means more in TPs, and the downwards arrow means more in MPs.
9 Fig. 4 The differences of amino acid groups between TPs and MPs at various residue 10 interaction degrees.
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The upwards arrow means more in TPs, and the downwards arrow means more in MPs. 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24 
